Nb 2 O 5 nanorod arrays with a hexagonal phase were in situ grown on Nb foil via a facile hydrothermal method. The aspect ratio and spacing of the Nb 2 O 5 nanorods increased upon an increase in the reaction temperature. A pair of platinum electrodes was deposited on the surface of the Nb 2 O 5 nanorod arrays to form a hydrogen sensor. The sensor based on Nb 2 O 5 nanorod arrays exhibited a fast and highly-sensitive hydrogen response with a sensitivity of 74.3% and a response time of 28 s toward 6000 ppm of H 2 at room temperature. The Nb 2 O 5 nanorod arrays also showed good selectivity of H 2 against C 2 H 6 O, CO and NH 3 . The hydrogen sensing performance can be attributed to the reaction between chemisorbed oxygen species and H 2 . The Nb 2 O 5 nanorods have a high aspect ratio, leading to an increase in the chemisorbed oxygen species on the surface of the [001] orientated nanorods. Moreover, arrays with a vertical structure have low quantities of junctions, which allow oxygen ions to diffuse more easily.
Introduction
It is widely believed that hydrogen (H 2 ) will be one of the most promising clean, renewable, and commonly available fuels for the future to allow critical problems such as shortages of fossil fuel resources, global warming and air pollution to be solved. 1 Unfortunately, hydrogen gas is difficult for humans to detect because it is tasteless, colorless and odorless, while its inam-mable and explosive nature mean that it requires special handling.
2 Therefore, hydrogen sensors are required for monitoring hydrogen concentration and detecting its leakage and diffusion.
Nanostructured materials with a high surface-to-volume ratio are ideal for gas sensing, since gas sensing is inherently a surface phenomenon. There have been many reports on the gas sensing properties of nanostructured metal oxides, such as ZnO 2 , TiO 2 and SnO 2 .
3-8 However, gas sensors based on Nb 2 O 5 , an important semiconductor oxide with superior photocatalyst, gas sensing, electrochromic and biocompatibility properties [9] [10] [11] [12] [13] due to its thermodynamically stability, chemical inertness and high refractive index, 14, 15 have attracted less attention than other materials. Hyodo et al. fabricated a H 2 sensor based on a Nb 2 O 5 lm coupled with Pd electrodes, which exhibited a fast and sensitive H 2 response at 100 C. 16 Park et al. examined the sensing properties of Nb 2 O 5 -core/ZnO-shell nanorod sensors toward H 2 gas. 17 The response and recovery times of the Nb 2 O 5 -core/ZnO-shell nanorods at 10 000 ppm of H 2 at 300 C were 17 and 23 s, respectively. Nevertheless, the sensor has to operate at a high temperature, which results in poor selectivity because it has to respond to a number of reducing gases with relatively high sensitivities at such a high working temperature. Wang et al. reported a H 2 sensor based on Nb 2 O 5 nanowires, which exhibited a response time of 1.67 min at room temperature (RT). 10 The RT response time is too long to be useful in practical applications, and may be due to the large amounts of junctions among the nanowires, which slow down the diffusion of gas molecules and increase the electron scattering. 18 Several attempts have been made to decrease the resistance and the response time of network sensors. The methods resulted in either an unavoidable increase in the fabrication cost or the formation of composite materials. 19 A facile approach is to grow a Nb 2 O 5 1D nanostructure with a vertical architecture, which reduces the number of junctions within the structure, to optimize the sensitivity of the sensor. Towards this aim, the hydrothermal method has been recognized as a simple, inexpensive and low temperature method for the growth of singlecrystalline oxide nanostructures.
In this work, well-crystallized Nb 2 O 5 nanorod arrays were in situ grown on Nb foil using a one-step hydrothermal process. A hydrogen sensor was designed using the Nb 2 O 5 nanorod arrays without any catalyst, and exhibited a highly-sensitive and selective hydrogen sensing performance at RT. Moreover, the mechanism of hydrogen sensing and performance enhancement was also discussed in detail.
Experimental

Synthesis and characterization
The growth of the Nb 2 O 5 nanorod arrays has been reported in a previous work.
20 Nb 2 O 5 nanorod arrays were in situ grown using a hydrothermal method on Nb foil, with 250 mm thick foil cut into 2 cm Â 2 cm pieces. In a typical procedure, hydrogen peroxide was used as the oxidant mixed with deionized water in a 1 : 1 ratio. Then 0.5 g of NH 4 F as the mineralizing agent was dissolved into the above mixture. Different hydrothermal temperatures were used from 125 C to 175 C. Aer hydrothermal reaction for 15 h, the samples were obtained. The resultant nanorod phases were characterized using powder X-ray diffraction (PXRD Bruker D8A25, CuK, l ¼ 1.5406 A). The morphologies and microstructures were examined using eld-emission scanning electron microscopy (FESEM, JOEL JSM-7100F) and high-resolution transmission electron microscopy (HRTEM, JEOL Model JEM-2010).
Hydrogen sensing measurements
A sensor was fabricated by depositing a pair of Pt electrodes with a thickness of 100 nm on the surface of the nanorod arrays using a DC magnetron sputtering technique. Hydrogen sensing measurements were performed on a homemade measuring system at room temperature. The assembled gas test set-up consisted of two stainless steel chambers. During the testing process, the sensor was located at the center of the testing chamber and the target gases with different concentrations of H 2 were prepared in a mixing chamber. The concentration of H 2 could be precisely adjusted by controlling the ow rate and injection time of the gases to the testing chamber using mass ow controllers and electromagnetic valves. The sensor was connected to a digital multimeter (Keithley 2400) controlled by a computer to record the change of the resistance. Following the response process, the recovery properties were tested by removal of the H 2 gas with air. In this study, we determine the sensing properties of the Nb 2 O 5 nanorod-based sensor for 1000-6000 ppm of hydrogen and its selectivity in environments of C 2 H 6 O, CO and NH 3 .
Results and discussion
Materials characterization
The SEM images of the assembled Nb 2 O 5 samples are presented in Fig. 1 . It can be seen that the nanorods have uniform diameters, which are about 400 nm for all of the samples. According to the inset cross-section views, the samples form a buffer layer between the Nb foil and the Nb 2 O 5 nanorods. The rod densities are 5.3 Â 10 9 , 4.5 Â 10 9 and 3.9 Â 10 9 rods per cm 2 corresponding to the samples prepared at 125 C, 150 C and 175 C, respectively. The reduction in density means that there is a large spacing between the rods, which is benecial for the hydrogen response. As shown in Fig. 1(a) , the sample obtained at 125 C consists of a large amount of columnar crystals. This sample is similar to the membrane because the spacing between the nanorods is small. In the case of the samples prepared at 150 C and 175 C, they both feature a lot of nanorods, but the length of the nanorods is increased in the 175 C sample. From the cross-sectional image in Fig. 1(c) , the nanorods have a length of 2 mm and are vertically oriented on the Nb substrate. The aspect ratio is 5 for the sample prepared at 175 C, which is twice that for the sample prepared at 150 C.
This indicates that a higher hydrothermal temperature promotes the oriented growth of Nb 2 O 5 nanorods. The TEM image and selected area electron diffraction (SAED) pattern of an individual Nb 2 O 5 nanorod obtained at 175 C are shown in Fig. 2(a) . The surfaces of the nanorod are smooth and pure. The cross-sectional width is 234 AE 20 nm and the length is 702 AE 128 nm. The SAED pattern shown in the inset demonstrates the single-crystalline nature of the hexagonal phase. The distinct lattice stripes can be clearly seen in the HRTEM image shown in Fig. 2(b) . The calculated interlayer distances of (001) and (100) RT hydrogen sensing performance C. In this work, we dene three physical parameters for studying the hydrogen sensing performance. The gas response sensitivity factor (S) is dened as the relative variation of the resistance, S ¼ (R a À R g )/R a , where R a and R g are the resistance of the sensor in air and in the target gas, respectively. The response time (t res ) and recovery time (t rec ) are dened as the time for the sensor to reach 90% of the nal response and recovery, respectively. Fig. 3(b and c) show the responses of the sensor to hydrogen concentrations varying from 1000 to 6000 ppm. It can be seen that the Nb 2 O 5 nanorod arrays have excellent hydrogen sensing properties at RT. The response sensitivity increases upon an increase in the hydrogen concentration, with a maximum sensitivity of 73.4% for 6000 ppm of H 2 . The response time shows no obvious change, which may be due to the saturation of the adsorbed hydrogen that corresponds to the specic surface area. Fig. 3(d) shows the RT transient response of the Nb 2 O 5 sensor under exposure to 6000 ppm of H 2 in air. Upon exposure to H 2 gas, the resistance of the sensor decreased rapidly and reached a minimum. It then recovered slowly to the initial resistance aer pumping of the H 2 gas and owing of air. This means that the sensor exhibited a fast and highly sensitive hydrogen response with t res and t rec values of 28 and 510 s, respectively. The recovery process was relatively slow, which may be due to the hydrogen removing process of the apparatus. 17 the advantages of the current system are that it can be prepared using a simple synthesis process and the nanorods have not been decorated. The low cost makes it more commercially viable for room-temperature hydrogen sensing devices.
The most quoted model for explaining the hydrogen sensing mechanism of metal oxide semiconductors is the depletion layer modulation theory.
21 Fig. 4 shows a schematic illustration of the response and recovery processes of the Nb 2 O 5 nanorod arrays. 22 As shown in Fig. 4(a) , oxygen molecules are adsorbed onto the Nb 2 O 5 nanorod surface in air and form oxygen ions by trapping electrons from the conduction band of Nb 2 O 5 , as expressed in the following equations:
This causes electron depletion at the surface and tends to increase the resistance, since Nb 2 O 5 is an n-type semiconductor. It is necessary to point out that the types of the chemisorbed oxygen species depend on the temperature. 23 At low temperature, O 2 À is usually chemisorbed. Therefore, upon exposure to a hydrogen atmosphere (Fig. 4(b) ), a higher concentration of O 2 À species reacts with the hydrogen molecules producing water and electrons at room temperature: 
This reaction is exothermic and the H 2 O molecules desorb from the surface, while the electrons are released back to the Nb 2 O 5 nanorods, thus decreasing the resistance. When the sensor is exposed to air again, the depletion layer width increases by adsorbing oxygen species, as shown in eqn (1) and (2) . The resistance recovers to its initial level. In a practical environment, competition between these oxygen-removing electrons and the hydrogen gas restores these electrons. The steady state value of the resistance will depend on the hydrogen gas concentration because the concentration of oxygen is relatively constant.
Another component of the H 2 sensitivity is the dissociative chemisorption of hydrogen on the Nb 2 O 5 nanorod surface. According to previous reports, chemisorbed hydrogen on oxide surfaces is more oen observed in experiments. 24 During chemisorption, hydrogen acts in a surface state and produces an energy level for the transfer of charge from hydrogen to the conduction band of Nb. Therefore, an electron accumulation layer is created on the Nb 2 O 5 nanorod surface that enhances its conductivity. When removing the ambient hydrogen using air, electron transfer takes place back to hydrogen and it desorbs. Thus, the accumulated layer of electrons disappears, and restores the original resistance of the Nb 2 O 5 nanorod. The associated reaction is rapid and reversible at room temperature.
Moreover, the possible H 2 sensitivity is related to defects such as oxygen vacancies, which serve as adsorption sites for gas species. It has been found that hydrogen molecules can bind more tightly with oxygen vacancies to increase the conductivity. 23 This process is very slow at room temperature and leads to incomplete recovery. 25 Therefore, the defect-related hydrogen response may not be the major mechanism of the fast hydrogen response.
The high sensitivity of our sensor can be attributed to the high aspect ratio of the Nb 2 O 5 nanorods because the high aspect ratio increases the contact area to the ambient. Therefore, the Nb 2 O 5 nanorod array hydrogen sensor exhibits a fast and sensitive hydrogen response performance comparing with that of the Nb 2 O 5 lm-based sensor. However, the aspect ratio of the nanowires is larger than that of the nanorods, but the response time of the device based on the nanowire net is not faster than that of our sensor, because the nanowire net contains junctions, which leads to the internal diffusion resistance of chemisorbed oxygen ions. 18 This means that the net carrier density decreases with more junctions in the sensor, leading to a lengthening of the response time. The Nb 2 O 5 nanorod arrays grown with vertical rods on the Nb substrate, moreover, the designed structure of the sensor, resulted in a current along the nanorods, that connected them to the Nb foil. As a result, by reducing the number of junctions and the oxygen ion diffusion resistance, the response time of the sensor based on Nb 2 O 5 nanorod arrays was improved. Fig. 5(a) shows ve continuous response cycles to 6000 ppm of H 2 , suggesting the outstanding repeatability of this sensor. Moreover, the gas selectivity to H 2 was also examined in contrast with C 2 H 6 O, CO and NH 3 for this Nb 2 O 5 nanorod array hydrogen sensor. As shown in Fig. 5(b) , the sensing response to H 2 gas was stronger than that of the other gases, suggesting that the sensor has excellent selectivity for H 2 gas. This can be attributed to the highly reducing behaviour of the H 2 gas. However, the sensor shows low sensitivities for other reducing gases, such as C 2 H 6 O, CO and NH 3 . Although the exact reason for this is not very clear at present, it is proposed that the molecular size may be responsible for the selectivity. 26 The diameters of the C 2 H 6 O and NH 3 molecules are much larger than those of H 2 and CO. It is difficult for the larger molecules to diffuse into the inner layer of the nanorod arrays and react with the chemisorbed oxygen. Moreover, the bond energy of H 2 (436 kJ mol À1 ) is much lower than that of CO (1072 kJ mol À1 ).
Hence, it is easier to destroy the bond in H 2 at a lower temperature. As a result, the Nb 2 O 5 nanorod arrays exhibit a higher response to hydrogen against C 2 H 6 O, CO and NH 3 . 
